ABSTRACT: R egional w a rm in g c a u se s c h a n g e s in local co m m u n ities d u e to sp e cie s ex tin ctio n s a n d la titu d in a l r a n g e shifts. W e show th a t th e sp e cie s rich n e ss of fish in 3 re g io n a l se as in th e e a s te rn N o rth A tlan tic O c e a n h a s c h a n g e d o v er tim e (1997 to 2008), a n d w e re la te this to h ig h e r w a te r te m p e ra tu re s a n d th e b io g e o g ra p h ic affinity of th e species. In th e N o rth an d C eltic S eas, sp e cie s ric h n e ss in c re a s e d d u e to in c re a se s in th e n u m b e r of w a rm -fa v o u rin g L u sitan ian species. In th e a r e a w e st of S cotland, sp e cie s ric h n ess d e c r e a s e d b e c a u s e th e n u m b e r of co ld -fav o u rin g B oreal sp ecies d e c re a se d . A d ditional an a ly se s of tre n d s in fish in g effort im ply th a t th e o b se rv e d c h a n g e s in sp e cie s rich n e ss a re u n lik e ly to h a v e b e e n in d u c e d by fish eries in th e N o rth a n d C eltic S eas, th e re b y s tre n g th e n in g th e id e a th a t clim a te c h a n g e affects s p e cies rich n e ss of m a rin e fish. H ow ever, in th e a r e a w e st of S cotland, a p o te n tia l effect of fish eries in ad d itio n to te m p e ra tu re c h a n g e o n th e o b se rv e d c h a n g e in s p e cies rich n e ss co u ld n o t b e ru le d out.
INTRODUCTION
T h e E a rth 's clim a te h a s w a rm e d b y a p p ro x im ate ly 0.6°C o v er th e p a st c e n tu ry (W alther e t al. 2002), a n d te m p e ra tu re is e x p e c te d to c o n tin u e rising. G lo b al w a rm in g h as a lte re d n a tu ra l sy stem s (e.g. P etc h ey et al. 1999 al. , Root e t al. 2003 ), a n d clim ate c h a n g e h a s b e e n p re d ic te d to le a d to sp e cie s ex tin ctio n s (Thom as e t al. 2004) a n d to p o le w a rd sh iftin g of th e la titu d in a l d is trib u tio n ra n g e s of sp e cie s (P a rm e sa n & Y ohe 2003).
A b u n d a n c e of w a rm w a te r sp e c ie s s u c h as th e sn a k e p ip efish , re d m u lle t a n d g u rn a rd s h a s b e e n in c re a s in g in th e N o rth e a st A tlan tic in r e s p o n s e to c lim ate c h an g e .
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W h en sp e cie s' ra n g e s shift d u e to la rg e -s c a le clim atic forcing, th e d iv e rsity of local co m m u n ities w ill c h a n g e in re s p o n se (Fisher e t al. 2008 ). C o m m u n ities at te m p e ra te la titu d e s w ill g a in sp e cie s from e q u a to ria l d ire c tions, for w h ic h th e h ig h e r te m p e ra tu re s th a t w e re p r e v iously too cold b e c o m e su itab le, a n d lo se sp e cie s to p o le w a rd reg io n s, for w h ic h co n d itio n s b e c o m e too w arm . W h e th e r o rg an ism s w ill b e a b le to shift th e ir o c c u p ie d a re a s p o le w a rd s w ith in c re a sin g te m p e r a tu re s d e p e n d s on th e d isp e rsa l p o te n tia l of th e sp ecies, th e co n n ectiv ity of su ita b le h a b ita t p a tc h e s a n d th e ra te of te m p e ra tu re c h a n g e . P rev io u s stu d ies h a v e in d ic a te d th a t im p o rta n t in c re a s e s in sp e cie s ric h n e ss as a re su lt of g lo b a l w a rm in g c a n b e e x p e c te d in a w id e r a n g e of ec o sy stem s a n d o rg an ism s. L arg e-sc ale in c re a se s in sp e cie s rich n e ss . In e a c h of th e se studies, th e n u m b e r of w a rm -fa v o u rin g sp e cie s in c re a se d , w h ile only few co ld -fav o u rin g sp e cie s w e re lost. A c o n se n su s h a s e m e rg e d th a t m a n y sp e cie s a re e x p a n d in g th e ir d istrib u tio n s to w a rd s th e p o le s a n d to h ig h e r ele v a tio n s in re sp o n se to clim ate c h a n g e , b u t c o rre sp o n d in g e v id e n c e for r a n g e retrac tio n s at low la t itu d e a n d low e le v a tio n b o u n d a rie s h a s b e e n c o m p a ra tively w e a k . It is u n c le a r w h y n o t m o re sp e cie s a re o b se rv e d r e tre a tin g in th e se re g io n s (T hom as e t al. 2006).
C o a sta l m a rin e ec o sy stem s a re am o n g th e m ost socio-econom ically a n d ecolo g ically im p o rta n t h ab itats, a n d th e se ecosystem s a re w a rm in g at a m u c h faste r rate th a n m a n y o th e r ec o sy stem s (M acK enzie & S ch ie d ek 2007). W ithin th e m a rin e e n v iro n m en t, clim ate c h a n g e is su g g e s te d to affect th e d istrib u tio n , a b u n d a n c e a n d as se m b la g e co m position of fish. F u tu re clim a te c h a n g e is p re d ic te d to le a d to d ra m a tic sp e cie s tu rn o v e rs of th e p re s e n t biodiversity, im p ly in g serio u s ecological d is tu r b a n c e s of th e m a rin e e n v iro n m e n t (C h eu n g e t al. 2009). S uch p ro c e sse s w ill in flu e n ce th e n a tu re a n d v a lu e of co m m ercial fish eries in th e se ecosystem s.
A re g io n a l c h a n g e in w a te r te m p e ra tu re m ay le a d to c h a n g e s in th e local fish com m u n ity b e c a u s e of im m i g ra tio n a n d /o r e m ig ra tio n of sp e cie s w ith d iffe ren t te m p e ra tu re p re fe re n c e s (B lan ch ard e t al. 2005). M a c p h e rso n (2002) sh o w e d a c le a r la titu d in a l g ra d ie n t in m a rin e sp e cie s rich n e ss to in c re a se from th e p o les to th e E q u ato r, a n d su b se q u e n tly it is e x p e c te d th a t h ig h e r w a te r te m p e ra tu re s w ill re su lt in in c re a sin g m a rin e fish sp e cie s rich n ess. In g e n e ra l, a w a rm in g e n v iro n m e n t w o u ld re su lt in p o le w a rd a d v a n c e s of sp e cie s w ith an affinity to w a rm w a te r (Lusitanian) an d re tre a ts of sp e cie s w ith a n affinity to co o ler w a te r (Boreal) (B rander e t al. 2003, S o u th w a rd e t al. 2005, S tefan sd o ttir et al. 2010).
T h e eco lo g ical effects of clim a te c h a n g e a re lik ely to b e reg io n -sp e cific a n d m a y v a ry w id e ly d e p e n d in g on sp e cie s a n d co m m u n ity c h a racteristics a n d specific re g io n a l co n d itio n s (W alther e t al. 2002). To d a te , m ost stu d ies of th e eco lo g ical effect of clim ate c h a n g e on m a rin e fish h a v e la rg e ly c o n c e n tra te d on th e im p act at th e in d iv id u al sp e cie s lev el (e.g. A ttrill & P ow er 2002, P erry e t al. 2005, D ulvy e t al. 2008, N ye e t al. 2009 ) ra th e r th a n o n com m u n ity m etrics su ch as sp e cie s ric h n ess (i.e. th e n u m b e r of sp e cie s o b se rv e d ). In th is study, w e c o m p a re d tre n d s in fish sp e cie s rich n e ss am o n g 3 re g io n s in th e e a s te rn A tlantic O cean , n am ely (1) th e N o rth Sea, (2) th e C eltic S ea, a n d (3) off th e w e st co a st of S cotland. D ifferen ces in th e local p h y sical e n v iro n m e n t su c h as v aria tio n in su m m er a n d w in te r te m p e ra tu re s, a n d d e p th ra n g e s, clearly c a u se d iffe r e n c e s in sp e cie s rich n e ss am o n g th e 3 reg io n s. W e th e re fo re e x a m in e d a re a-sp ec ific c h a n g e s in sp ecies rich n ess. T re n d s in sp e cie s ric h n e ss for m a rin e fish in th e N o rth S ea h a v e b e e n re la te d to te m p e ra tu re in a p rev io u s stu d y (H id d in k & te r H o fsted e 2008); th e se d a ta w e re re a n a ly s e d u sin g a sh o rte r tim e series to s ta n d a rd is e th e a n a ly se s b e tw e e n th e d iffe re n t a re a s u sed . O u r o b jectiv e w a s to d e te rm in e w h e th e r sp ecies rich n e ss of m a rin e fish in th e 3 d iffe re n t re g io n s d is p lay s sim ilar tre n d s th ro u g h tim e a n d w h e th e r it h a s a c o n siste n t re la tio n to b o tto m te m p e ra tu re . If w a rm in g is th e c a u se of c h a n g e s in fish sp e cie s com position, it c a n b e e x p e c te d th a t th e c h a n g e in sp e cie s rich n e ss re la te s to th e b io g e o g ra p h ic affinity of sp ecies, su c h th a t B oreal (cold-favouring) sp e cie s d e c re a s e in a b u n d a n c e , w h ile L u sita n ia n (w arm -fav o u rin g ) sp ecies in c re a se in a b u n d a n c e . A co n siste n t re la tio n sh ip b e tw e e n te m p e ra tu re c h a n g e a n d c h a n g e s in sp ecies rich n e ss w ill in d ic a te th a t la rg e -s c a le in c re a s e s in s p e cies c a n b e e x p e c te d in te m p e ra te m a rin e eco sy stem s.
MATERIALS A N D METHODS
Survey data. A n n u a l d a ta d e s c rib in g th e fish d is trib u tio n (in clu d in g e lasm o b ra n ch s) in th e 3 d iffe ren t stu d y a re a s d u rin g th e w in te r w e re ta k e n from 3 In te r n a tio n a l B ottom T raw l S u rv ey s (IBTS) c o o rd in a te d by th e In te rn a tio n a l C o u n cil for th e E x p lo ratio n of th e S ea (ICES), n a m e ly th e first q u a r te r IBTS in th e N o rth Sea, th e first q u a rte r W e ste rn D ivision B ottom T raw l S u rv ey in th e In lan d S ea off th e w e st co ast of S co tlan d , a n d th e fo u rth q u a r te r F re n ch G ro u n d fish S u rv ey in th e C eltic S ea. T h e se su rv ey s a im e d for c o h e re n c e a n d co n sis te n c y in th e c o llec te d d a ta b y s ta n d a rd isin g th e ir sa m p lin g m e th o d s a n d p ro to co ls (ICES 2008a) . All su rv ey s u s e d a s ta n d a rd b o tto m -tra w l n e t (ch alu t à g ra n d e o u v e rtu re v erticale, G O V -traw l), a g e a r th a t is s p e cifically d e s ig n e d to sa m p le fish th a t live at a n d ab o v e th e s e a b e d (H e essen e t al. 1997).
W h e n c o m p a rin g su rv ey s, d iffe ren ce s in sa m p lin g m e th o d (gear) c o n trib u te m o re to th e v a ria n c e in a b u n d a n c e e stim a te s c o m p a re d to su rv ey p e rio d (quarter) (T ren k el e t al. 2004). S in ce th e 3 stu d ie d a re a s w e re sa m p le d ac co rd in g to a c o rre sp o n d in g s ta n d a rd IBTS protocol, a n d b o th stu d ie d q u a rte rs (1 a n d 4) co m p rise d a cold seaso n , w e c o n s id e re d it a p p ro p ria te to co m p a re th e su rv ey s from th e s e 3 reg io n s.
T h e IBTS in th e N o rth S e a a n d w e s t of S co tla n d fol lo w ed a sa m p lin g stra te g y ac co rd in g to a g rid of ICES re c ta n g le s (0.5° latitu d e; I o lo n g itu d e; ap p ro x im ate ly 56 X 56 km). T h e IBTS in th e C eltic S ea is in p rin cip le d e p th -stra tifie d , b u t to allow a u n ifo rm an aly sis, th e a g g re g a tio n w a s p e rfo rm e d follow ing th e g rid of ICES re c ta n g le s. D etails of th e g e a r a n d sa m p lin g stra te g ie s c a n b e fo u n d in th e m a n u a ls for th e 3 su rv ey s (ICES 2002 (ICES , 2006 Fish data. C a tc h ra te s w e re sta n d a rd ise d to th e n u m b e r of in d iv id u als c a u g h t p e r 60 m in tow. T h e tim e p e rio d d u rin g w h ic h all su rv ey s h a d a n o v erla p in so u n d c o v e ra g e of th e d iffe re n t a re a s c o m p rised m o re th a n a d e c a d e (1997 to 2008) . S u ch a tim e series is of sufficient p o w e r to d e te c t tre n d s in b o th com m o n a n d ra re fish sp e cie s (M axw ell & J e n n in g s 2005).
To av o id th e in tro d u c tio n of te m p o ral tre n d s th a t m ay b e re la te d to d iffe re n c e s in th e sa m p le d su rv ey a r e a o v er tim e, only re c ta n g le s fish ed in at le a st 75% of th e y e a rs w e re u se d (Fig. 1) . In total, 210 of th e 262 fish ed ICES re c ta n g le s w e re u se d in th e analysis. T he n u m b e r of h au ls p e r re c ta n g le w a s d istrib u te d u n e v e n ly w ith in e a c h are a, ra n g in g b e tw e e n 1 a n d 6 h au ls y r~\ o n a v e ra g e 2.1 ± 0.8 h au ls p e r re c ta n g le in th e N o rth S ea, 2.0 ± 1.0 in th e C eltic Sea, a n d 1.3 ± 0.6 in th e w e st of S cotland. S ince th e n u m b e r of sp e cie s c a u g h t is p ositively c o rre la te d to th e n u m b e r of h au ls fish ed (D aan 2006) , th e d a ta s e t w a s b a la n c e d b efo re u sin g it for fu rth e r an a ly se s b y ap p ly in g th e M o n te C arlo re sa m p lin g strateg y . For e a c h ICES re c ta n g le an d year, 1 h a u l w a s ran d o m ly se lec ted , a n d th is p r o cess w a s re p e a te d 100 tim es. T h ese 100 ra n d o m selec- C eltic Sea; WS: w e st of S cotland). O p e n circles re p re s e n t s u r v e y e d In te rn a tio n a l C o u n cil for th e E x p lo ra tio n of th e S e a (ICES) re c ta n g le s; g re y circles sh o w th e ICES re c ta n g le s u s e d in th e a n a ly se s (>75 % a n n u a l co v erag e). B lack dots in d ic a te ICES re c ta n g le s th a t w e re u s e d for th e c alcu la tio n of a v e ra g e b o tto m te m p e ra tu re s tions w e re a v e ra g e d , re su ltin g in 1 b a la n c e d d a ta s e t o n w h ic h fu rth e r an a ly se s w e re p erfo rm ed . F ish w e re id e n tifie d to th e lo w est p o ssib le tax o n o m ic level, w h ic h w a s m ostly to sp e cie s level; h o w ev er, for consistency, w e re fe r to all ta x a as sp ecies. All sp e cie s w e re la b e lle d w ith th e ir b io g e o g ra p h ic affin ity, i.e. A tlan tic (w id esp read ), B oreal (n o rth ern , coldfavouring) or L u sita n ia n (so u th ern , w arm -fav o u rin g ), w h ic h w a s d e riv e d from th e lite ra tu re follow ing th e a p p ro a c h of Y an g (1982) , w ith in clu sio n of fish sp ecies th a t h a v e b e e n re c o rd e d sin ce th e n (W heeler 1992, F ro e se & P auly 2009, W h e e le r e t al. 2004, Ellis e t al. 2010). In E u ro p e, B oreal fish es a re th o se c o n s id e re d to b e n o rth e rly ta x a w h ic h e x te n d n o rth w a rd s to th e N o r w e g ia n S e a a n d Icelan d ic w ate rs. T h ese fish es o ften h a v e th e ir so u th e rn lim its of d istrib u tio n a ro u n d th e British Isles or w e st of Brittany, a lth o u g h som e m ay still o cc u r fu rth e r south, e ith e r in low n u m b e rs or as v a g ra n ts. L u sita n ia n fish es a re th o se th a t te n d to b e a b u n d a n t from th e Ib e ria n P e n in su la (in clu d in g th e M e d ite rra n e a n Sea) to as far n o rth as th e British Isles, a n d m ay h a v e n o rth e rly lim its in th e so u th e rn or c e n tral N o rth S ea (alth o u g h m a n y su c h sp e cie s do e x te n d to m o re n o rth e rly la titu d e s o n th e w e s te rn se a b o a rd s of th e British Isles, a n d so c a n also o ccu r in th e n o r th w e s te rn N o rth Sea). M a n y of th e s e sp e cie s h a v e d istri b u tio n s e x te n d in g in to th e M e d ite rra n e a n S e a a n d off th e co ast of n o rth w e st A frica. A tlan tic sp e cie s a re th o se (often p e la g ic or d e e p -w a te r) sp e cie s th a t a re w id e s p re a d in th e N o rth A tlantic, a n d in c lu d e m a n y of th e d e e p e r-w a te r or m e so p elag ic sp e cie s th a t m ay b e w id ely d istrib u te d alo n g th e c o n tin e n ta l slope.
C o rrec tio n s for m isid en tificatio n s w e re m a d e follow in g th e a p p ro a c h of te r H o fsted e & D aa n (2008). In ad d itio n , so m e fish in th e fam ilies M y c to p h id a e, S e r ra n id a e , P ercic h th y id a e, B len n iid ae, S tich tae id ae , C a l lio n y m id ae, G o b iid ae, B o th id ae a n d R ajidae w e re only id e n tifie d to th e fam ily level. To av o id m is in te rp re ta tio n for n o n -e x istin g sp ecies, th e se re c o rd s w e re n ot in c lu d e d in th e an aly sis. T h e fin al list of ta x a th a t co u ld b e c h a ra c te rise d c o n ta in e d 117 fish sp e cie s for th e N o rth S ea (8 A tlantic, 48 B oreal, 61 L u sitan ian ), 115 sp e cie s for th e C eltic S e a (17 A tlantic, 25 B oreal, 73 L usitanian), a n d 100 sp e cie s for th e a re a w e s t of S co t la n d (9 A tlantic, 34 B oreal, 57 L usitanian).
T em perature data. Bottom te m p e ra tu re d a ta w e re o b ta in e d from th e ICES O c e a n o g ra p h ic D a ta b a se (d o w n lo ad e d 29 J u n e 2009; w w w .ic e s .d k /o c e a n ), for th e a re a s a n d q u a rte rs c o rre sp o n d in g to th o se in w h ich th e 3 su rv ey s w e re e x e c u te d . T h e tim e series of th e se w in te r te m p e ra tu re d a ta w a s a v a ila b le in h ig h e r q u a n tities, in p a rtic u la r spatially, th a n for th e o th e r seasons; th e re fo re , w e ch o se to w o rk o nly w ith d a ta from th e w in te r p erio d . Bottom d a ta w e re d e fin e d as th e d e e p est m e a s u re m e n t ta k e n w ith a v e rtic a l CTD cast, in g e n e ra l a ro u n d 5 m ab o v e th e bottom . T h e d a ta w e re a v e ra g e d p e r q u a rte r b y ICES re c ta n g le . To e n s u re a b a la n c e d d a ta se t, m issin g d a ta w e re in te rp o la te d from a d ja c e n t d a ta b y a v e ra g in g th e m e a n b o tto m te m p e r a tu re of th e 8 su rro u n d in g re c ta n g le s. T his in te rp o latio n w a s p e rfo rm e d for less th a n 14 % of th e y e a r -r e c ta n g le com b in atio n s. T he b o tto m te m p e ra tu re d a ta series covers th e tim e p e rio d 1993 to 2008 to allow for th e c a l cu latio n of 5 yr ru n n in g m e an s. For th e C eltic S ea, d a ta w e re m issin g d u rin g th e y e a rs 1995, 2007 a n d 2008, an d in th e a re a w e st of S co tla n d d u rin g th e y ea rs 1997 to 1999. F u rth e rm o re , in th e su rv e y e d a r e a w e st of S cotland, th e av a ila b le te m p e ra tu re d a ta d id n ot s p a tially co v er th e a r e a sufficiently for u se in th e analysis; th e re fo re , 8 ICES re c ta n g le s (42E0 to 42E3 a n d 43E0 to 43E3) th a t lie in th e c e n tre of th e a r e a a n d for w h ich d a ta a re sufficiently a v a ila b le w e re se le c te d to r e p r e se n t th e e n tire are a.
T em p o ral tre n d s in sp e cie s rich n e ss for all fish s p e cies, B oreal species, a n d L u sita n ia n sp e cie s w e re a n a ly se d u sin g lin e a r re g ressio n . S p ecies rich n e ss w as re la te d to th e 5 yr ru n n in g a v e ra g e bo tto m te m p e r a tu re, c a lc u la te d from th e c u rre n t y e a r a n d th e 4 p re v i ous years, to allow for p o te n tia l la g g e d effects. U sing a tim e la g is a fairly com m on m e th o d to a p p ro x im a te th e lifetim e en v iro n m e n ta l e x p e rie n c e of a fish (e.g. P erry et al. 2005, D ulvy e t al. 2008), a n d sp e cie s rich n e ss re s p o n d e d m ost sign ifican tly to 5 yr ru n n in g m e a n s of w in te r b o tto m te m p e ra tu re . In c a se of y ea rs w ith m iss in g te m p e ra tu re d a ta , th e 5 yr ru n n in g m e a n s w e re b a s e d on th e a v a ila b le y ea rs only. T h e re la tio n b e tw e e n rich n ess a n d te m p e ra tu re w a s te ste d u sin g P e a r son's c o rre la tio n coefficient (r), o n a y e a r basis.
F ishing effort data. To d iscu ss w h e th e r o b se rv e d c h a n g e s in sp e cie s rich n e ss m ay h a v e b e e n in d u c e d by fisheries, w e c h e c k e d for c h a n g e s in fish in g effo rt in th e 3 d iffe re n t are a s. W e a s su m e d th a t c h a n g e s in fish in g effort a re re fle c te d in th e a v e ra g e fish in g m o rta li ties of th e d o m in a n t co m m ercial fish stocks e stim a te d by ICES a sse ssm e n t w o rk in g g ro u p s (ICES 2008b (ICES , 2009 . O nly th e d e m e rsa l fish eries th a t a re of m ain im p o rta n c e in te rm s of effort w e re co n sid ered , w h ich a re plaice, sole, cod, N o rw a y pout, h a d d o c k a n d sa ith e in th e N o rth S e a (ICES 2009); plaice, sole a n d co d in th e C eltic S e a (ICES 2008b), a n d h ad d o c k , sa ith e a n d cod in th e a r e a w e st of S co tla n d (ICES 2008b) . T h e re sp o n se of fish to c h a n g e s in ex p lo ita tio n is e x p e c te d to show a tim e lag; for ex a m p le , D aa n e t al. (2005) n o te d a re sp o n se tim e of 6 yr for a n in c re a se in sp ecies rich n e ss in re la tio n to a n in c re a se in fish in g effort. In o u r case, w h e n ig n o rin g a tim e lag, w e o b se rv e d no co rre la tio n b e tw e e n fish eries effects a n d sp e cie s ric h n ess. To allow for p o te n tia l la g g e d effects, sp e cie s ric h n ess w a s th e re fo re re la te d to th e 6 yr ru n n in g a v e ra g e fish in g m ortality, c a lc u la te d from th e c u rre n t y e a r a n d th e 5 p rev io u s y ea rs for th e p e rio d 1992 to 2008. T h e re la tio n b e tw e e n sp e cie s ric h n e ss a n d fish in g m o rtality w a s te s te d u sin g P earso n 's co rre la tio n co efficien t (r), o n a y e a r basis.
A u tocorrelation . A u to co rrela tio n in fish a n d e n v i ro n m e n ta l d a ta m a y co m p lic ate sta tistica l in fe re n c e in c o rre la tio n an a ly se s (Pyper & P e te rm a n 1998). W e u s e d th e D u rb in -W atso n statistic (D) o n all of o ur tim e se ries to d e te c t th e p re s e n c e of a u to c o rre la tio n in th e re sid u a ls from th e re g re s sio n analysis. In g e n e ra l, w e fo u n d no re a so n for c o n c e rn th a t o u r d a ta w e re a u to co rre la te d , th e re b y ju stify in g o u r a n a ly se s for c o rre la tio n b e tw e e n sp e cie s ric h n e ss v e rsu s te m p e ra tu re a n d 
RESULTS

T em perature
W in ter b o tto m te m p e ra tu re s h a v e in c re a s e d sig n ifi ca n tly sin ce 1993 in all 3 stu d ie d re g io n s in th e e a s te rn A tlan tic O cean , in th e N o rth S ea b y 0.09°C yr-1 (F115 = 12.01, p = 0.003), in th e C eltic S ea b y 0.04°C y r 1 (F1i12 = 6.46, p = 0.025), a n d in th e c e n tra l p a rt of th e a r e a w e st of S co tla n d b y 0.09°C y r 1 (F1|12 = 0.005, p = 12.03; Fig. 2a ). S u rface te m p e ra tu re s from th e sam e areas, o b ta in e d from th e ICES O c e a n o g ra p h ic D a ta b a s e a n d a n a ly se d sim ilarly to th e CTD b o tto m te m p e ra tu re d a ta , sh o w ed sim ilar tre n d s, a lth o u g h th e ra te s of c h a n g e 
S p ecies richness
T h e a n n u a l sp e cie s ric h n e ss of th e fish fa u n a in th e N o rth S ea (Fig. 3a ) a n d C eltic S ea (Fig. 3b ) in c re a se d sig n ifican tly d u rin g th e stu d ie d p e rio d (NS: F 1|10 = 10.91, p = 0.008); CS: F lg = 15.56, p = 0.003), w h e re a s a sig n ifican t d e c re a s e w a s a p p a re n t w e st of S co tlan d (F110 = 8.28, p = 0.016; Fig. 3c ). T a k in g into a c co u n t th e b io g e o g ra p h ic affinity of th e fish fau n a , th e rich n e ss of B oreal fish sp e cie s d e c re a s e d in th e a r e a w e st of Scot- Fig. 3 a -c ) . T h e ric h n ess of L u sita n ia n sp e cie s significantly in c re a se d in th e N o rth S ea (F110 = 19.68, p = 0.001) a n d C eltic S ea (Fti9 = 17.50, p = 0.002), a n d d id n o t sh o w a sign ifican t c h a n g e w e st of S co tlan d (F1|10 = 0.08, p = 0.780).
S p ecies rich ness versu s tem perature
S p ecies ric h n e ss w a s significantly positively c o r r e la te d to th e 5 yr ru n n in g m e a n s in b o tto m te m p e ra tu re in th e N o rth S ea (r = 0.69, p = 0.012; Fig. 3d ) a n d C eltic S ea (r = 0.78, p = 0.007; Fig. 3e ), w h ile a n e g a tiv e r e la tio n sh ip b e tw e e n sp e cie s rich n e ss a n d te m p e ra tu re w a s fo u n d w e st of S co tlan d (r = -0 .5 5 , p = 0.059; Fig.  3f ). T h e rich n e ss of B oreal sp e cie s w a s n e g a tiv e ly c o r re la te d w ith te m p e ra tu re w e st of S co tlan d (r = -1 3 .5 3 , p = 0.004), w h ile no re la tio n w a s o b se rv e d in th e N o rth S ea (r = 0.06, p = 0.818) a n d in th e C eltic S ea (r = 3.51, p = 0.093; Fig. 3 d -f ). T h e rich n e ss of L u sita n ia n fish sp e cie s w a s significantly p ositively re la te d to b o tto m te m p e ra tu re in th e N o rth S ea (r = 0.82, p = 0.001) a n d C eltic S ea (r = 0.75, p = 0.011), a n d d id n o t h a v e a r e la tion w ith b o tto m te m p e ra tu re w e st of S co tla n d (r = 0.03, p = 0.906; Fig. 3 d -f ).
Fishing effort
C h a n g e s in a v e ra g e fish in g m o rta litie s b y a r e a o v er th e p e rio d 1992 to 2008 w e re c a lc u la te d u sin g th e m a in d e m e rs a l fisheries. T h e a v e ra g e fish in g m o rtality of th e se fish eries s h o w e d a sig n ifican t d e c lin e in e a c h a r e a o v er th e p e rio d 1992 to 2008 (CS: F1|15 = 7.38, p = 0.016; NS: F 1i15 = 185.25, p < 0.001; WS: F1|15 = 33.51, p < 0.001; Fig. 2b ).
S p ecies richness versu s fishing effort
S p ecies rich n e ss w a s sig n ifican tly n e g a tiv e ly c o rre la te d to th e 6 yr ru n n in g m e a n s in a v e ra g e fish in g m o r tality in th e N o rth S e a o v er th e p e rio d 1997 to 2008 (r = -0 .7 7 , p = 0.003; Fig. 3g ); no re la tio n sh ip w a s fo u n d in th e C eltic S e a (r = -0 .4 9 , p = 0.127; Fig. 3h ), a n d a s ig n ifican t p o sitiv e re la tio n sh ip w a s fo u n d in th e a re a w e st of S co tla n d (r = 0.64, p = 0.025) (Fig. 3i) . T ak in g into co n sid eratio n th e b io g e o g ra p h ica l guild, for Boreal sp e cie s a sig n ifican t p o sitiv e re la tio n sh ip b e tw e e n sp e cie s ric h n e ss a n d fish in g m o rtality w a s fo u n d in th e a r e a w e st of S co tla n d (r = 0.77, p = 0.003), w h ile no re la tio n sh ip w a s o b se rv e d in th e o th e r a re a s (NS: r = -0 .1 3 , p = 0.695; CS: r = -0 .2 8 , p = 0.408; Fig. 3 g -i) . For L u sita n ia n sp ecies, sp e cie s rich n e ss w a s n e g a tiv e ly c o rre la te d to fish in g m o rtality in th e N o rth S ea (r = -0 .9 1 , p < 0.001), w h ile no re la tio n sh ip w a s fo u n d in th e C eltic S ea a n d w e st of S co tla n d (CS: r = -0 .5 4 , p = 0.083; WS: r = 0.06, p = 0.850; Fig. 3 g -i) .
D ISC U SSIO N
W in ter b o tto m te m p e ra tu re s sig n ifican tly in c re a se d in th e N o rth S ea a n d w e st of S co tla n d d u rin g th e p e rio d 1993 to 2008, a n d in th e C eltic S ea d u rin g th e p e rio d 1993 to 2006, w h ic h is in a c c o rd a n c e w ith re c e n t fin d in g s of o th e r stu d ies of se a w a te r te m p e r a tu re s in th e N o rth e a st A tlan tic (e.g.
M acK enzie & S c h ie d e k 2007, P h ilip p a rt e t al. 2007, H id d in k & te r H o fsted e 2008)
. S ea su rfa ce te m p e ra tu re s in c re a se d c o rre sp o n d in g ly in th e are as. A lth o u g h th e o b se rv e d re g io n a l in c re a se s in te m p e ra tu re a re c o n siste n t w ith th e e x p e c te d in c re a se d u e to g lo b a l w arm in g , th e y a re su b sta n tia lly h ig h e r th a n th e in c re a se e x p e c te d from g lo b a l clim a te c h a n g e . T his d isc re p a n c y is likely re la te d to th e effect of re g io n a l p ro ce sses, in p a rtic u la r th e A tlan tic M u ltid e c a d a l O scillation, w h ic h sh ifte d to a w a rm p h a s e d u rin g o u r stu d y p e rio d (Enfield e t al. 2001 (Enfield e t al. , 2010 . F u rth e rm o re , re g io n a l c lim a te -c h a n g e sc en ario s a ro u n d th e N o rth S e a p re d ic t a n in c re a se in air te m p e ra tu re of 2 to 3.5°C b y th e 2080s, a n d w a te r te m p e ra tu re s w ill also in c re ase , b u t n o t as ra p id ly as Fishing mortality Fig. 3 . C h a n g e in fish sp e c ie s ric h n e ss o ver tim e (1997 to 2008) a n d w ith te m p e ra tu re . S p e c ie s ric h n e ss p e r y e a r for All, B oreal, a n d L u sita n ia n fish sp e c ie s in th e (a) N o rth S e a (NS), (b) C eltic S e a (CS) a n d (c) w e st of S c o tla n d (WS). S p ecies ric h n e ss for All, B oreal, a n d L u sita n ia n sp e c ie s v e rsu s th e a v e ra g e b o tto m te m p e ra tu re over th e p re v io u s 5 yr in (d) N S, (e) CS a n d (f) WS. S p ecies ric h n e ss for All, B oreal, a n d L u sita n ia n sp e c ie s v e rsu s th e a v e ra g e fish e ry m o rta lity for m ajo r d e m e rsa l sp e c ie s over th e p re v io u s 6 yr in (g) N S, (h) CS a n d (i) WS. L ines in d ic a te sig n ific a n t c o rre latio n s (All: black; B oreal: d a sh e d ; L u sitan ian : grey) o v er la n d (e.g. H u lm e e t al. 2002). T he fast re g io n a l w a rm in g as o b se rv e d a ro u n d th e British Isles is likely d u e to re g io n a l p ro ce sses, n o t only g lo b a l ones, a n d m ay b e a ttrib u te d to a co m b in atio n of a n th ro p o g e n ic an d n a tu ra l in flu e n ces (Stone e t al. 2009). O u r an a ly se s sh o w ed a sig n ifican t in c re a se in sp ecies rich n ess of m a rin e fish in th e N o rth S ea d u rin g th e y ea rs 1997 to 2008, a n d C eltic S e a o ver th e p e rio d 1997 to 2007, a re a s in w h ic h th e w a te r te m p e ra tu re h a d in c re a se d significantly d u rin g th e sam e period. In b o th th e N o rth a n d C eltic Seas, th e p ositive c h a n g e in sp ecies rich n e ss is sig n ifican tly re la te d to th e s e h ig h e r w a te r te m p e ra tu re s, follow ing th e ex p e c ta tio n s th a t m a rin e fish sp e cie s rich n e ss c o rre la te s po sitiv ely w ith te m p e r a tu re (M acp h erso n 2002, M a c p h e rso n & D u a rte 2006). H ow ever, in th e a re a w est of Scotland, a d e c re a se in s p e cies rich n ess w as o b serv ed , w h ich also significantly c o r re la te d to in c re a sin g w a te r te m p e ra tu re s. S u ch fin d in g s a re u n e x p e c te d , b u t m ay b e e x p la in e d w h e n ta k in g into a c co u n t th e b io g e o g ra p h ic affinity of fish sp ecies.
In g e n e ra l, a w a rm in g e n v iro n m e n t is e x p e c te d to re su lt in p o le w a rd a d v a n c e s of w a rm -fa v o u rin g Lusi-ta n ia n sp e cie s a n d re tre a ts of co ld -fav o u rin g B oreal sp e cie s (B rander e t al. 2003, S o u th w a rd e t al. 2005, R ijnsdorp e t al. 2009). In th e N o rth a n d C eltic Seas, w h e re b o tto m te m p e ra tu re s a re rising, a sig n ifican t in c re a se in L u sita n ia n sp e cie s rich n e ss h a s b e e n o b serv ed , a n d in b o th a re a s th e in c re a se in L u sitan ian sp e cie s ric h n e ss w a s fo u n d to b e significantly re la te d to b o tto m te m p e ra tu re . W hile L u sita n ia n sp e cie s a re th o u g h t to b e p ositively affe c te d b y risin g w a te r te m p e ra tu re s, th e o p p o site is e x p e c te d for B oreal sp ecies.
In th e N o rth a n d C eltic S eas, no tr e n d in B oreal sp ecies rich n e ss w a s o b se rv e d . H ow ever, in th e a r e a w e st of S cotland, a lth o u g h no tr e n d in L u sita n ia n sp e cie s ric h n ess w a s o b se rv e d , th e rich n e ss of B oreal sp ecies sh o w ed a sig n ifican t d e c re a s e d u rin g th e p e rio d 1997 to 2008, a n d this d e c re a s e w a s fo u n d to b e significan tly c o rre la te d to th e rise in w a te r te m p e ra tu re . T his stro n g d e c lin e in B oreal sp e cie s rich n e ss in th e a r e a w e st of S cotland, in co m b in atio n w ith th e la ck of a tr e n d in L u sita n ia n sp e cie s rich n ess, ex p lain s th e o v erall d e cline in sp e cie s rich n e ss in this a re a in re la tio n to in c re a sin g w a te r te m p e ra tu re s.
T e m p e ra tu re c h a n g e in flu e n ces th e local sp ecies d iv ersity b y c h a n g in g sp e cie s d istrib u tio n o ver sh o rt tim e scales, e v e n in te ra n n u a lly (Fisher e t al. 2008), w h ic h m a y e x p la in in o u r re su lts th e la ck of a g e n e ric re sp o n se to w a rm in g of th e 3 local m a rin e fish co m m u n ities. C o n tra stin g re sp o n se s in ric h n e ss of m a rin e fish to in c re a sin g w a te r te m p e ra tu re s h a v e also b e e n fo u n d a ro u n d Ice lan d ov er th e p e rio d 1996 to 2007. S p ecies rich n e ss in c re a s e d w ith te m p e ra tu re a n d tim e so u th w e st of Iceland, b u t d e c re a s e d n o rth e a st of th e co u n try (S tefansdottir e t al. 2010). T h e d iffe re n c e in tre n d s illu strate s th e im p o rta n c e of p e rfo rm in g an a ly se s at th e a p p ro p ria te scale; how ev er, no c le a r e x p la n a tio n s for th e o b se rv a tio n w e re giv en , a n d it w a s o nly e x p e c te d th a t b o th fish eries a n d th e fu n ctio n al c h a ra c te r istics of th e eco sy stem , su c h as fo o d -w eb in te ractio n s, a re th e m a in c a u sa l factors of th e d iffe re n t tre n d s in rich n e ss w ith in th e Icelan d ic fish com m unity.
T h e fact th a t th e re la tio n sh ip b e tw e e n clim a te a n d m a rin e life is difficult to g e n e ra lis e is also illu stra te d by a co m p ariso n of th e p la n k to n ic a s se m b la g e in rela tio n to h y d ro clim atic fe a tu re s am o n g 3 d iffe re n t E u ro p e a n se as (B ea u g ran d e t al. 2000): A stro n g n e g a tiv e r e la tio n sh ip b e tw e e n th e a b u n d a n c e of p la n k to n a n d air te m p e ra tu re w a s fo u n d in th e E n g lish C h a n n el; it w a s w e a k e r in th e C eltic S ea a n d no re la tio n sh ip w a s fo u n d in th e Bay of Biscay. T h e o b se rv e d d iffe re n c e s w e re a ttrib u te d to v aria tio n in th e local p h y sic al e n v iro n m e n t a n d th e b iolo g ical com position of th e reg io n s (B ea u g ran d e t al. 2000).
C h a n g e s in th e s tru c tu re of fish co m m u n ities a re o ften c o n s id e re d to b e fish e rie s-in d u c e d (e.g. P au ly et al. 1998, L evin et al. 2006 ), a n d fish eries m a y h av e p la y e d a ro le in th e o b se rv e d c h a n g e s in th e fish co m m u n ities in th e N o rth Sea, C eltic S ea, a n d th e a re a w e st of S co tlan d . T h e in te n siv e e x p lo ita tio n of fish co m m u n ities o ften le a d s to su b sta n tia l re d u c tio n s in th e a b u n d a n c e of ta rg e t sp ecies, in p a rtic u la r th e la rg e r p re d a to ry sp ecies, a n d c h a n g e s in sp e cie s co m p o sitio n (G re e n stre e t & H aii 1996, Rice & G islaso n 1996, D aa n e t al. 2005).
F ish in g w ill a lte r fish co m m u n ities b y rem o v in g sp e cie s w ith a h ig h lo n g e v ity a n d a la rg e b o d y size (G e n n er e t al. 2010), th e re b y in c re a sin g th e o p p o rtu n i ties for sm a lle r-siz ed sp e cie s to in v a d e th e a re a , a m p li fying th e p o sitiv e circ u m sta n c e s for th e g e n e ra lly sm all L u sita n ia n sp e cie s in tim es of g lo b a l w arm in g . R ecen t stu d ies h a v e a rg u e d th a t c h a n g e s in m a rin e fish co m m u n ities a re lik ely to b e c a u s e d b y th e in te r a c tin g effects of clim a te c h a n g e a n d fisheries, ra th e r th a n b y e ith e r of th e s e d riv ers s e p a ra te ly or b y sim ple a d d itiv e effects (e.g. P erry e t al. 2010, P la n q u e e t al. 2010). C lim ate is c h a n g in g globally, a n d it is lik ely th a t a n in c re a se in te m p e ra tu re is co n trib u tin g to th e in c re a se in L u sita n ia n sp e cie s or th e d e c re a s e in B oreal sp ecies. H ow ever, fish in g activ ities o ften d e v e lo p c o n cu rren tly , m a k in g it h a rd to d ise n ta n g le th e ir effect from c lim a te c h a n g e . For e x a m p le , D aa n (2006) a rg u e d th a t a lth o u g h clim a te c h a n g e m ay h a v e h a d ad d -o n effects, a n in c re a se in sp e cie s ric h n e ss in th e N o rth S e a in th e p e rio d 1977 to 2005 w a s a n in d ire c t effect of o v erex p lo itatio n . T h e d e c re a s e in la rg e r p re d a to ry sp e cie s w a s c o n s id e re d to allow sm a lle r p re y sp e cie s to in c re a se in a b u n d a n c e d u e to a re d u c tio n in p re d a tio n m o rtality a n d /o r co m p etitio n . In o u r stu d y are as, fish in g m o rta lity of th e m a in d e m e rs a l fish sp e cie s d e c re a s e d o v er th e p e rio d 1992 to 2008 (Fig. 2b) . T h e o b se rv e d in c re a se in sp e cie s ric h n e ss in th e C eltic a n d N o rth S eas c o in cid e d w ith a d e c re a s e in fish in g effort, c o n tra d ic tin g D aa n (2006). In fact, w e o b se rv e d no re la tio n sh ip b e tw e e n tre n d s in sp e cie s ric h n e ss a n d fish in g m o rtality in th e C eltic S ea, a n d e v e n a sig n ifi c a n t n e g a tiv e re la tio n sh ip w a s sh o w n in th e N o rth Sea, b o th for th e o v erall a n d L u sita n ia n sp e cie s rich n ess. T h e in c re a se in L u sita n ia n sp e cie s rich n e ss is less lik ely to h a v e b e e n c a u s e d b y a d e c re a s e in fisheries, sin ce th e o p p o site w o u ld b e e x p e c te d , m e a n in g an in c re a se in fish eries w o u ld fav o u r sm a ll-sized fish (G e n n er e t al. 2010), a n d on a v e ra g e L u sita n ia n s p e cies a re sm a lle r th a n B oreal sp ecies. In th e a r e a w e st of S co tlan d , w e o b s e rv e d a p o sitiv e re la tio n b e tw e e n s p e cies rich n e ss (overall a n d Boreal) a n d fish in g m ortality, m e a n in g th a t th e d e c re a s e in o v erall a n d B oreal s p e cies rich n e ss m ay h a v e b e e n d riv e n b y th e d e c lin e in fish in g m ortality. T h erefo re, b e s id e s th e re la tio n sh ip of sp e cie s rich n e ss w ith in c re a sin g b o tto m te m p e ra tu re s, fish eries m a y also h a v e h a d effects o n th e rich n e ss of m a rin e fish in th e a re a w e st of S co tlan d . H ow ever, n o tw ith s ta n d in g th e o b se rv a tio n s in th e a re a w e st of S cotland, o u r fin d in g s su p p o rt th e id e a th a t th e o b se rv e d c h a n g e s in sp e cie s ric h n e ss in th e N o rth a n d C eltic S eas a re likely to b e m o re stro n g ly clim a te d r i v e n th a n fish eries in d u c ed . T his w o u ld b e in lin e w ith th e o b se rv a tio n s in o th e r ta x a th ro u g h o u t th e w orld, viz. th a t as te m p e ra tu re rises, sp e cie s ric h n e ss in c re a se s d u e a p ositive co rrela tio n b e tw e e n rich n e ss an d te m p e ra tu re o b se rv e d alo n g la titu d in a l g rad ie n ts. S uch in c re a se s h a v e b e e n re p o rte d for a v arie ty of co m m u n ities in c lu d in g te rre s tria l taxa, su ch as p la n ts , for all of w h ich re c e n t clim atic c h a n g e is c o n s id e re d to b e th e m ost likely m ajo r d riv in g factor. In th e m a rin e en v iro n m en t, for e x a m p le , lo n g -te rm c h a n g e s in sp e cie s com p o sitio n an d div ersity of th e co p e p o d com m u n ity h a v e b e e n re la te d to h y d ro clim atic c h a n g e s in th e N o rth e a st A tlantic, in p a rtic u la r to th e v a ria tio n in d e c a d a l o scil latio n s (B ea u g ran d 2003). D uring th e p ositive p h a s e of th e N o rth A tlantic O scillation, w h ic h o cc u rre d in th e 1990s, se a te m p e ra tu re s in c re a se d , a n d th e p la n k to n com m u n ity of th e te m p e ra te w a te rs w a s re p la c e d b y a so u th e rn com m unity.
It is g e n e ra lly a c c e p te d th a t m ajo r c h a n g e s h av e o cc u rre d in th e fish co m m u n ities of th e N o rth e a st A tlantic d u rin g re c e n t d e c a d e s (e.g. P auly e t al. 1998, A ttrill & P ow er 2002). A ssu m in g th a t th e se a te m p e r a tu re w a rm in g ra te s w ill follow th e g lo b a l co n se n su s v ie w of w a rm in g (Kerr 2004), th e g e n e ra l p o le w a rd d e c lin e in sp e cie s rich n e ss w ill d e c re a s e (Fisher et al. 2008 ), a n d re g io n a lly th e re c e n t o b se rv e d in c re a se s in fish sp e cie s ric h n e ss in th e N o rth a n d C eltic S eas w ill co n tin u e. S uch c h a n g e s in sp e cie s b io g e o g ra p h y , in c lu d in g th e c h a n g e in co m position of th e fish co m m u n ities (few er B oreal a n d m o re L u sita n ia n species), w ill u n d o u b te d ly h a v e im plications for com m ercial fish eries a n d o n th e im p le m e n ta tio n of effectiv e c o n se rv a tio n a n d en v iro n m e n ta l m o n ito rin g strateg ie s.
A c k n o w le d g e m e n ts . T his stu d y w a s c a rrie d out as p a r t of th e E u ro p e a n U n io n FP6 p ro je c t RECLA IM (C o n trac t 044133). W e a c k n o w le d g e th e In te rn a tio n a l C o u n cil for th e E x p lo ra tio n of th e S e a (ICES) for s u p p ly in g d a ta from th e ICES h y d ro g ra p h ic d a ta b a s e a n d from th e d a ta b a s e for tra w l s u r veys (DATRAS), a n d N. H in tz e n for a ssistin g in in te rp o la tin g th e te m p e ra tu re d a ta se ts. C o m m en ts p ro v id e d b y 3 a n o n y m ous re fe re e s h e lp e d to im p ro v e th e q u a lity of th e m an u scrip t.
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